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INTRODUCTION 
     Primary sensory cortexes are the major sensory 
processing areas for lemniscal inputs. The anatomy of 
sensory cortexes is well characterized into six layers, with 
each lamina comprising different cell types with distinct 
functional properties (Molyneaux et al., 2007). The basic 
mechanisms of neurogenesis and neuronal migration during 
prenatal period and the cytoarchitectural cell distribution 
during postnatal period have been well described especially 
in the somatosensory cortex. Much less is known, however, 
in the visual cortex and especially the auditory cortex. A 
previous study demonstrated that the auditory cortex 
matured earlier than the other two sensory cortical areas, 
where those early generated neurons were positioned in 
much superficial positions in the cortex when compared to 
neurons in visual and somatosensory cortexes during the first 
three postnatal weeks (Ignacio et al., 1995). Whether these 
differences contributed to other laminar features have not 
since been investigated, though there were some studies that 
provided the idea that these sensory cortical areas may have 
distinct laminar distributions (Heumann et al., 1977, Leuba 
et al., 1977). 
     Recently, the discovery of the genetic markers that are 
expressed in specific laminas in the somatosensory cortex 
shed a light on answering the question that sublayers in the 
cortex can be differentiated. For instance, the expression of 
Forkhead box protein P2 (Foxp2) was expressed in 
corticothalamic neurons of visual and somatosensory 
cortexes (Sorensen et al., 2015, Sundberg et al., 2018). 
Meanwhile, transcripts for transcription factors such as Ets-
related protein 81 (ER81) and COUPTF-interacting protein 
2 (Ctip2) were detected in layer 5 neurons starting at an early 
embryonic period until adults with a distinct expression level 
in the motor and somatosensory cortexes (Yoneshima et al., 
2006, Chen et al., 2008). Layer 2-4 neurons can be identified 
by Cut-like homeobox protein 1 and 2 (Cux1 and Cux2, 
respectively) of the somatosensory cortex (Nieto et al., 2004). 
Studies like these, however, are lacking in the auditory 
cortex. 
     With these in mind, we investigated the development of 
mouse primary auditory cortex (A1) during the postnatal 
period, comparing to the visual and somatosensory cortexes. 
With different transcription factors that labeled distinct 
cortical sublayers, we were able to compare and contrast the 
developmental pattern of laminar features among the sensory 
cortexes during the postnatal period. We further 
characterized neurons expressing transcription factors and 
their projection targets in the lower layers of A1. Then, we 
investigated the importance of thyroid hormone during 
prenatal and postnatal periods on the development of these 
neuronal distribution. We found a transient misdistribution 
of Foxp2-expressing neurons in layer 6 during early two 
postnatal weeks, while a much prolong deficits in the Ctip2-
expressing cells in layer 5 until adulthood. Along with the 
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SYNOPSIS 
一次感覚皮質は感覚情報処理にとって重要で、生後の発達に関する研究においては、特に一次聴覚皮質およ
び一次視覚皮質の研究は一次体性感覚皮質の研究に遅れている。本博士論文研究では伝統的な解剖学手法に
加え、Cux1,Ctip2,ER81 と Foxp2 という層特異的転写因子を用いて、それぞれの皮質層の成熟過程を比較し
た。結果として、一次聴覚皮質の層構造は一次体性感覚皮質と一次視覚皮質より早期に成熟することが明ら
かとなった。また、一次聴覚皮質の第６層はFoxp２陽性神経細胞で特定することが可能で、これまでの概念
とは異なり、第５層よりかなり狭いことが明らかとなった。皮質下丘投射神経細胞は Ctip2 を発現している
ことがわかった。一次聴覚視床神経細胞の主要な投射先である第３・４層には Cux1 が高発現し、第２・３
層では低発現であった。さらに第４層を神経細胞の断面面積の違いで同定し、一次視覚皮質と一次体性感覚
皮質のそれより大きいことがわかった。最後に、甲状腺ホルモン合成阻害剤メチマゾールの母体および新生
仔への暴露によって、一次聴覚皮質の細胞分布の正常発達が影響され、特に第５層の皮質下丘投射神経細胞
のシナプスの成熟遅延が生じ、活動依存的転写因子 c-Fos 発現による神経活動の低下が観察された。 
 
misdistribution observed at an adult stage, we found an 
elevation of immature dendritic spines in layer 5 pyramidal 
neurons and a lowered neuronal activity of layer 5 Ctip2-
expressing cells in the upper part of layer 5. 
     This thesis demonstrated a novel laminar definition in A1 
and effects of thyroid hormone on corticofugal neuron 
development. 
 
EXPERIMENTAL PROCDURES 
Animals: FVB strain mice aged from 50 to 65 days were 
mated, and the day when the vaginal plug was detected was 
termed as embryonic day (E) 0. In this study, we used 0.02% 
methiamazole, an antithyroid drug on animals from 
gestational day 10.5 to investigate the importance of thyroid 
hormone in auditory cortical development. The day pups 
were given birth were termed postnatal day (P) 0. Pups at P5, 
P10, P15, P20, and P60 were used in accordance with NIH 
guidelines for animal use and approved by the Animal Use 
Committee at Soka University.  
Tissue preparation and sectioning: Animals were 
anesthetized and perfused with 4% paraformaldehyde (PFA) 
in 0.1 M phosphate buffer (PBS), pH7.4. After overnight 
fixation, coronal or thalamocortical brain slices were 
sectioned at 50 μm steps and stored in PBS at 4 ˚ C or in 30% 
ethylene glycol and 30% glycerol mixture in PBS at -20 ˚C 
until use. 
Immunofluorochemistry: Immunofluorochemistry was 
performed using standard protocols. Blocking solution was 
prepared with 5% sera (donkey or goat sera) and 0.3% 
Triton-X 100. Primary antibodies were rabbit anti-Cux1, 
rabbit anti-neurogranin, goat anti-Foxp2, goat anti-c-Fos, rat 
anti-Ctip2 and guinea pig-anti vGlut2. Appropriate 
secondary antibodies were used. Sections were mounted 
with a mounting medium (Vector, H-1000). Images were 
taken with an epi-fluorescent microscope (Axioskop 2, Zeiss) 
or a confocal microscope (Zeiss LSM 700 or Leica SP8.) 
Retrograde labeling: Mice at P20 were anesthetized with 
N2O and O2 gas mixtures containing isofluorane (2.5%) and 
injected with ~50 nl of Alexa488-conjugated chorela toxin β 
subunit (CTB) or Retrobeads. The stereotaxic coordinates 
are described as follows: (1) the ventral division of medial 
geniculate nucleus: 2.5 mm posterior from bregma, 2.4 mm 
lateral from midline, with an injection depth of 3.0-3.3 mm 
from the surface of the brain, (2) the central nucleus of 
inferior colliculus: 1.0 mm posterior to lambda, 1.0 mm 
lateral to midline, with an injection depth of 0.8-1.0 mm from 
the surface of the brain, and (3) the contralateral auditory 
cortex: 2.5 mm posterior to bregma, 4.0 mm lateral to 
midline, with an injection depth of 0.6-0.8 mm from the 
surface of the brain. The mice were returned to cage for 4-
week recovery. 
Image analysis: Laminar proportion was measured based on 
Cux1- and Foxp2-positive staining sections, where layer 1 
was determined from the pia towards the upper borderline of 
Cux1-positive staining; layer 2-4 was determined with Cux1-
positive staining; layer 5 was determined by the area without 
Cux1- and Foxp2-positive staining; layer 6 was determined 
with Foxp2-positive staining. For cell density analysis, cells 
were counted within designated area, using Image J software. 
Statistical analysis: All data were collected and tested with 
either Student’s t-test, one-way ANOVA (α = 0.05) with 
post-hoc Tukey-Kramer test, or Kolmogrov-Smirnov test 
(KS. test, α = 0.05). 
 
RESULTS 
Distinct laminar features in primary auditory cortex during 
development 
     During postnatal development, layers 2-4 defined by 
Cux1-expressing cells were always narrower in A1 when 
compared to that in the visual and somatosensory cortexes 
(Figure 1). Meanwhile, the layer 6 width defined by Foxp2-
expressing cells shared similar proportion between the 
auditory cortex and the visual cortex, while it was narrower 
compared to that in somatosensory cortex. Layer 5, defined 
by the laminar space between Cux1- and Foxp2-expressing 
cells, was the widest in the auditory cortex. A unique feature 
observed in the cortex was that, instead of similar proportion 
of layer 5 and layer 6 demonstrated in the visual and 
somatosensory cortexes, layer 5 was twice the size of layer 6 
at all examined ages. Further, the demonstration that vGlut2 
immunostains that labeled thalamocortical terminals were 
overlapping with the thalamorecipient neurons expressing 
Cux1 much later in the auditory cortex. 
 
 
Correlation of transcription factors and their neuronal 
targets in primary auditory cortex 
     Then, to better characterize layers of A1 and to further 
understand the correlation of its lower layer neurons' gene 
expression and their axonal targets, we combined neuronal 
tracing methods with immunofluorochemistry. Retrograde 
tracers injected into the ventral division of medial geniculate 
nucleus (MGv) labeled corticothalamic neurons in layer 6, 
where approximately 98% of these labeled cells expressed 
Foxp2 (Figure 2). With the labeled neurons distributed 
within the Foxp2-laminar band, we confirmed that layer 6 in 
A1 is indeed narrower than previously described. The 
injection targeting the center of inferior colliculus labeled 
corticocollicular neurons in layer 5, as well as in layer 6. 
Detailed analysis indicated approximately 84% of the 
corticocollicular neurons in layer 5 were expressing Ctip2 
(Figure 3). Additionally, these Ctip2+ cells were located 
within the cortical lamina between Cux1-defined layers 2-4 
and Foxp2 defined layer 6. Our findings of the tracer 
injection in contralateral A1 showed sparse distribution of 
callosal projection neurons in A1 (Figure 4), with most of 
these neurons populated on top and bottom of those 
corticocollicular-labeled neurons. Further, we also 
demonstrated that the high intensities of Cux1 represent the 
lemniscal thalamorecipient layers (i.e., layers 3/4), while 
those lower intensities cells were likely to be layers 2/3 
neurons. The heterogeneity of expression in Cux1 was also 
found similar to the expression pattern demonstrated by 
vGlut2 stains in the upper layers. Layer 4, on the other hand, 
can be identified from other superficial layers' neurons based 
on their smaller somatic size.    
 
 
 
 
 
Effects of maternal exposure of methimazole on corticofugal 
neurons in A1 
     In control animals, Foxp2+ cell densities decreased with 
age, while Ctip2+ cell densities exhibited a bidirectional 
development in layers 5 and 6. Similar developmental 
pattern was observed in methimazole (MMI)-exposed mice, 
with little differences detected between the two groups 
during the postnatal period. The distribution of Foxp2 cells 
was shifted further away from layer 6 and the subcortical 
 
white matter (L6/WM) during early postnatal period for 
MMI-exposed offspring (Figure 5). On the contrary, the 
distribution of Ctip2+ cells in layer 5 and layer 6 exhibited 
deficits in a distinct manner. In layer 6, the Ctip2-expressing 
cells distributed in a similar manner as Foxp2-expressing 
cells, where these cells were further away from L6/WM at 
P5 and P10. In layer 5, the distribution of Ctip2+ cells was 
shifted further away from the L6/WM during the first three 
postnatal weeks, while shifted closer to the L6/WM border 
at P60 in the MMI-exposed mice (Figure 6). This suggests a 
delay in maturation of Ctip2-expressing cell distribution. 
These results suggest that the development of corticofugal 
neuronal distribution was affected by the lack of thyroid 
hormone in a laminar-dependent manner. 
 
 
 
 
Abnormal morphology of dendritic spines and neuronal 
activity in layer 5 pyramidal neurons  
     Due to the delay in the maturation of Ctip2-expressing 
cell distribution, the possibility of changes in morphology 
and neuronal activity in layer 5 neurons was questioned 
(Figure 7). With Golgi staining, we detected a two-fold 
increase in mushroom-shaped dendritic spines (Control: 3.1 
± 0.5 spines, n = 27 neurons; MMI: 6.1 ± 1.0 spines, n = 35 
neurons), and a three-fold increase in thin-shaped dendritic 
spines (Control: 3.1 ± 0.5 spines, n = 27 neurons; MMI: 6.1 
± 1.0 spines, n = 35 neurons) within 100 µm of the apical 
shaft from the soma in MMI-exposed adult mice (3 mice, p 
< 0.05, unpaired Student’s t-test). The neuronal activity 
detected by c-Fos expression showed a significant decrease 
in cell densities for the lower layers, but not those in the 
upper layers of MMI-exposed mice (Figure 8). Additionally, 
low c-Fos+/Ctip2+ cell densities were detected in the upper 
part of layer 5, with most of the co-expressed cells found 
misdistributed to the lower and middle part of layer 5. These 
results demonstrated the importance of thyroid hormone in 
normal corticocollicular layer 5 neurons development. 
 
 
 
DISCUSSION & CONCLUSION 
     Our study provided a new insight in laminar development 
of A1. The distinct laminar proportions among the sensory 
cortexes demonstrated with specific gene expression were 
consistent with previous studies (Heumann et al., 1977, 
Leuba et al., 1977). The cortical sublayers reached their 
respective maximum thickness and maturational levels at 
P10 for A1, while 5 and 10 days later for the visual and 
somatosensory cortexes, respectively. The different levels of 
maturation were consistent with the idea suggested by one of 
the previous studies, where the timing of maturation for 
neurons generated on the similar day was earlier in auditory 
cortex than other sensory cortexes (Ignacio et al., 1995). 
Further, with the neuronal tracing, we confirmed the identity 
of Foxp2- and Ctip2-expressing cells in A1 to be 
corticothalamic and corticocollicular neurons, respectively, 
further supporting the notion that a narrower band defined by 
Foxp2 expression is true layer 6. Our study also revealed that 
three sublayers can be characterized in the wide layer 5 
between the laminar gap of Cux1- and Foxp2-expressing 
cells, based on their neuronal projection target. In addition, 
this is the first study in mouse, defining layer 4 within   the 
thalamorecipient layers 3/4 that has been commonly 
 
 
described by diffuse staining patterns of the thalamocortical 
axonal plexus. The differences of somatic size between layer 
3 and layer 4 was consistent with the idea suggested earlier 
in the cat (Smith and Populin, 2001). Finally, we 
demonstrated that, with an exposure of MMI during 
pregnancy in the mouse, the corticofugal neurons 
distribution were affected in a laminar-dependent manner but 
not in a cell type-specific manner. These data were consistent 
with previous findings where corticocortical neurons in the 
upper layers were misdistributed in the layer 5 of auditory 
cortex in the offspring with earlier exposure of MMI during 
pregnancy (Lucio et al., 1997). The increase in immature 
dendritic spines in the MMI-exposed mice suggest a delay in 
normal pruning process. In addition, with a decline of 
neuronal activity detected in the upper part of layer 5, the 
cortical circuitry in A1 may be altered. This study provides 
novel findings in characterizing the laminar features in A1, 
and demonstrated a different maturation timing during 
postnatal development among the sensory cortexes. Further, 
prenatal and postnatal thyroid hormones are important for 
the normal development of the corticofugal neurons in A1. 
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